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ABSTRACT 


Neutron cross-section sets have been prepared for N, O, Al, Si, Fe, D, and Be for 
neutron energies from 0.037 eV to 18 MeV. The cross sections tabulated include 
the total, elastic, inelastic, (n,2n), and cross sections for charged particle emis- 
sion. Information is also given on the angular distribution of elastically scattered 


neutrons and on the energy distribution of neutrons andy-rays following nonelas- 
tic reactions. 


ss 


INTRODUCTION 


Complete sets of neutron cross-section data are presented for N, O, Al, Si, Fe, 
D, and Be in the energy range from 0.037 eV to 18 MeV. The cross sections of 
N, O, Al, Si, and Fe have been recompiled and present major revisions of our 
earlier reports on these elements. The cross sections of D and Be are essential- 


ly those which we reported earlier. 


Data are given on the total cross section, oyT, on the elastic cross section, Opp, 
on the capture cross section, 0n,,, and on cross sections for charged particle 
emission. The inelastic cross section is broken into two parts. The part that 
corresponds to discrete level excitation is labeled Onn! levels. The remaining 
part corresponds to the emission of a continuous neutron spectrum; this part is 
added to the cross section for all other neutron-producing reactions, giving a 


cross section which is labeled Onn! continuum. Values of 0p,9n are also given. 


Level excitation cross sections are presented in a normalized form: the excita- 


tion of level v is 
Onn’ AE) = Op,n‘(levels)(E)ay(E) 


with 


Ymax 
») a,(E) = 1. 


v=1 


is 
~ ee 


Tables of a, are given. 


The continuous part of the inelastic spectrum is described, when applicable, by a 
statistical model (B. Eisenman and F. R. Nakache, UNC-5093, p. 14ff). 


The angular distribution of elastically scattered neutrons is presented in the form 


of an expansion in Legendre polynomials (center-of-mass system): 
On,n(E) = 
On n(E, 9) = = Ha s; (2£+1) f 9(E) Pg(cos 6), 
2=0 


where f) = 1, and L is large enough (<14). Tables of fy are given. 


Information is also given on y-ray spectra following absorption and following in- 
elastic reactions. The neutron energy range is broken into groups. The energy 
En given in the tables is the upper energy of the group; the spectrum quoted is 
considered as constant in that group. The y-ray energy range is also broken into 
groups. The spectra have been integrated over these groups. The groups are la- 
beled by a single energy, E,,, which is either the energy of a predominant line in 


that group or the mean energy of that group. 
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1. NITROGEN 


1.1 NEUTRON CROSS SECTIONS 


1.1.1 The Total Cross Section 


Over the entire range of incident neutron energies from 0.037 eV to 18 MeV the 
total cross section is the same as that given in our previous compilation, UNC- 


5002! (see Table 1 and Fig. 1). 


Mention should be made here of very detailed measurements made at Hanford 


2 From 


even though they are too recent to have been included in this compilation. 
2 to 8 MeV these measurements are considered to be the best available at pres- 

ent; above 8 MeV they are suspected of being too high, and below 2 MeV the shape, 
but not the normalization of the data,. was fixed at the time of communication (late 


August 1965). 


1.1.2 The Elastic-Scattering Cross Section 


Throughout the entire range the elastic-scattering cross section is the difference 
between the total . ross section and the sum of the cross sections for all other re- 


actions (see Table 1). 


1.1.3 The Radiative-Capture Cross Section 


The cross section for the radiative capture (n,y) reaction is the same as in UNC- 


5002! (see Table 1). It is taken to follow the 1/v law from 0.18 barn at 0.0253 eV 


x | 


to 0.08 millibarn at 0.0253 MeV. At higher energies the cross section is taken to 


be zero. 


1.1.4 The (n,a@) Cross Section 


For energies below about 8 MeV the measurements of Gabbard, Bichsel, and Bon- 
ner® were used. At higher energies, the only measurement is the old one of Ran- 
dolph.‘ We used our usual French curve art work to bring the curve through Ran- 


dolph’s point to 18 MeV (see Table 1). 


1.1.5 The (n,d) Cross Section 


Differential cross sections for the angular distribution of the ceuterons from the 
(n,d) reaction in nitrogen are given by Chase et al.5 The Legendre analysis code 
was used to integrate these to give total (n,d) cross sections at the appropriate 
energies. As in the case of the (n,@) reaction, the only cross section measure- 
ment is that of Randolph.‘ French curves were again used to extend the cross- 


section curve through Randolph’s point and on to 18 MeV (see Table 1). 


1.1.6 The (n,2a@) Cross Section 


Randolph‘ quotes a value of 15 mb for the (n, 2a) reaction in nitrogen at an inci- 
dent neutron energy of 14 MeV. A curve was drawn through this point passing 


through zero at 11.5 MeV (see Table 1). 


1.1.7 The (n,p) Cruss Section — 


For incident neutron energies below about 1.25 MeV the values from UNC-5002 
were used.! Between 1.25 and about 8 MeV we took the measurements of Gabbard, 


Bichsel, and Bonner.* 


There are no measurements of this cross section at higher 
energies. After some agonizing, we finally made the assumption that the (n,p) 
cross section should roughly parallel the (n,a@) cross section and extrapolated ac- 


cordingly (see Table 1). 


eae erm be abe PTE 
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1.1.8 The (n,t) Cross Section 


Gabbard, Bichsel, and Bonner’ have measured the cross section for neutron-initi- 
ated triton emission for neutron energies below about 8 MeV. There are no meas-~ 
urements at higher energies. Here we assumed that the cross section should rise 
similarly to the (n,d) cross section but should maintain a slowly varying sum when 
added to the (n,p) cross section, since competition with that reaction might be ex- 


pected (see Table 1). 


1.1.9 The Absorption Cross Section 


The absorption cross section is equal to ony + Sn,a + On,d + %n,2a + %n,p + On, t- 


A curve is given in Fig. 2. 


1.1.10 The (n,2n) Cross Section 


Ashby and Catron® give -10.55 MeV as the Q value for the (n,2n) reaction in N‘4 
and -10.84 MeV as the value in N‘5. The latest supplement to BNL-325" has a 
graph showing measurements by nine authors of the (n,2n) cross section in N‘‘ but 
gives no data on the reaction in N'®, Because of the low relative abundance of N’® 
and because of the similarity of the Q values in the two isotopes, we have used the 


N'‘ data to describe the (n,2n) cross section in the natural element (see Table 1). 


1.1.11 The Nonelastic Cross Section 


At six energies from 5 MeV to 11.6 MeV Chase et al.® have calculated the non- 
elastic cross section as the difference between their measured values of the total 
cross section and integrated values of their differential elastic-scattering cross 
section measurements. Bauer et al.® have similarly found a value at 14 MeV. 
Flerov and Talyzin’ and Phillips, Davis, and Graves’® have obtained nonelastic 
cross sections by sphere transmission measurements at neutron energies between 


14 and 15 MeV. For neutron energies below about 5.5 MeV we have taken the non- 


elastic cross section to be the sum of the cross sections for all reactions except 


5 | 
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elastic scattering. For higher energies we have drawn a curve guided by the 


measurements given above. 


1.1.12 The Inelastic-Scattering Cross Section 


For energies below about 5.5 MeV we have used values from UNC-5002.! For 
higher energies we have used the difference between the nonelastic cross section 
and the sum of all other nonelastic reactions. The sum of inelastic and (n,2n) 


cross sections is given in Fig. 3. 


1.2 ANGULAR DISTRIBUTION OF ELASTICALLY SCATTERED NEUTRONS 


For neutron energies above about 3 MeV the situation is, as usual, quite compli- 
cated. Bostrom et al.!! have measured differential cross sections at 10 energies 
between 3 and 16 MeV, but with a large gap from 7 to 15 MeV. Chase et al.® have 
made measurements at seven energies between 5 and 11.6 MeV. Legendre coeffi- 
cients have been derived from both sets of measurements, and the agreement be- 
tween the two sets of coefficients is, to say the least, poor. Phillips!? has meas- 
ured the angular distribution at 7 MeV, and, on analysis, his data yield the same 
Legendre coefficients as those of Chase at the same energy. Analysis of the 
measurements of Bauer® and those of Strizlak et al.!® gives coefficients which 
agree well for low values of £, but the agreement deteriorates as the order of the 


expansion increases. 


In drawing curves of fg vs energy we have used the results of Fowler and John- 
son'‘ for energies velow 2.5 MeV, and, for higher energies, we have favored the 
results of Chase and of Bauer. We have also, at high energies particularly, had 
to avoid the Scylla and Charybdis*® of finding, on resynthesis, either negative dif- 
ferential cross sections (resulting from excessively high coefficients) or violation 
of the Wick limit (which often results from excessively low coefficients). The 


Legendre coefficients are listed in Table 2. 


1.3 ENERGY DISTRIBUTION OF INELASTICALLY SCATTERED NEUTRONS 


Nitrogen-i4 has isolated energy levels at 2.31 MeV, 3.95 MeV, and a multitude of 
closely spaced levels above 4.9 MeV. R. B. Day” investigated the neutron energy 
range from 2.56 to 4.2 MeV for the presence of a 2.3-MeV gamma ray and suc- 
ceeded in detecting one only above 3.95 MeV. He quotes a cross section of 6 mb, 
a value which does not disagree with the low energy data of Hall and Bonner!” who 
measured the cross section for production of the 2.31-MeV gamma ray by neu- 
trons with energy between 4.73 and 8 MeV. The observation of no gamma rays 
produced by neutrons with energy below 3.95 MeV disagrees with the data of Bos- 
trom et al.'s the disagreement became even worse after Bostrom corrected his 
data.!® In fact, Bostrom’s data also disagree with the low energy data of Hall and 
Bonner. Therefore, we have decided to follow Day in assuming that inelastic scat- 
tering is negligible for neutrons below 3.95 MeV, and, furthermore, to assume 
that excitation of the 2.31-MeV level is negligible for incident neutrons of any en- 
ergy. An experimental check of this assumption is available only for 14-MeV neu- 
trons for which Bauer® estimated that the cross section for exciting the 2.31-MeV 
level is of the order of 4 mb; this datum is, however, in disagreement with an es- 


timate of about 15 mb given earlier by Bobyr et al.?° 


For incident neutron energies less than 4.91 MeV, the inelastic scattering cross 
section was assumed to be equal to the excitation of the 3.91-MeV level. For 

higher energies, the inelastic scattering cross section is for the excitation of a 
continuum of levels. The energy distribution of emergent neutrons is here gov- 


erned by statistical theory with parameters: 


E, = 10.8 MeV Ef?) = 16. Mev 
a(t) = 0.63 Mev7! EI!) = 4.02 Mev 
a) = 0.63 Mev! E??) = 0.01 MeV 


EW = 8.5 MeV 


1.4 ENERGY DISTRIBUTION OF GAMMA RAYS FOLLOWING NONELASTIC RE- 
ACTIONS 


1.4.1 Gamma Rays Following Absorption 


Motz et al.2! give the relative intensities of the gamma rays following thermal 
neutron capture. We assume that the capture spectrum does not change as a func- 
tion of energy. We also assume that the (n,p) reaction causes no secondary gam- 
ma emission. Therefore, we obtain the number of »rays per absorption by mul- 


tiplying the radiative capture spectrum by the factor: 


ony 
on, yton,p 


Luckily both the (n,p) and (n,y) cross sections follow the 1/v relation over the en- 
tire range of energies for which the (n,y) reaction is of interest so that the inten- 
sity factor is constant. At 0.0253 eV we have used 1.80 barn for 0, ) and 


0.08 barn for ony: The absorption spectrum is given in Table 3. 


1.4.2 Gamma Rays Following Inelastic Scattering 


The spectrum of gamma rays following inelastic scattering of neutrons by nitro- 
gen was calculated by statistical theory for neutron energies above 5.7 MeV. In 
considering the spectrum of inelastically scattered neutrons we assumed that the 
excitation of the 2.31-MeV level could be safely neglected. In considering gam- 
ma-ray emission we cannot make that assumption; several higher energy levels 
decay by cascades which include the 2.31-MevV level. This level was included in 
the gamma-ray spectrum calculations as one for which excitation by decay of 
higher levels was allowed, but for which excitation by incident neutrons was not 


allowed. 


For neutron energies below 5.7 MeV the gamma-ray spectrum was governed by 
the decay scheme shown above. Excitation functions for the various levels were 


based on the work of Hall and Bonner. The y-ray spectra are given in Table 4. 
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2. OXYGEN 


2.1 NEUTRON CROSS SECTIONS 


2.1.1 The Total Cross Section 
For incident neutron energies below about 3.5 MeV the data of UNC-5038! have 
withstood the onslaught of the years. For higher energies we have used the data 
of Fossan et al.? quoted in the latest supplement to BNL-325° (see Table 5 and 
Fig. 4). 
2.1.2 The Elastic-Scattering Cross Section 
For energies above about 3.5 MeV the elastic-scattering cross section was calcu- 
lated from 

,n = InT ~ [nX 
For lower energies the total and elastic-scattering cross sections were assumed 
to be identical. 
2.1.3 The Nonelastic Cross Section 
In the energy range below 10 MeV the cross section for nonelastic reactions is 


given by { 


OnX = In n’ + Sn,a 


aS DA Ae Oe ean See ce Oe ee rn Py 


Above 10 MeV a smooth curve was drawn, guided by the data of Flerov and Talyzin‘ 


and of Bauer et al.® Confirmation was given by the data of Chase et al.® 


2.1.4 The (n,a) Cross Section 


The cross section for the (n,q@) reaction in oxygen has been measured by £.A. Davis 
et al.’ at a great many incident neutron energies between 5 and 8.8 MeV. For en- 


ergies below 5 MeV the values in UNC-5038 were retained. 


Until recently, the only measurement of the (n,a@) cross section in oxygen at higher 
energies was that of Randolph’ at 14 MeV. In 1963, however, Bormann and co- 
workers’ published a set of values for neutron energies between 12 and 20 MeV. 
We have used these and have bridged the gap between these and Davis’s data by a 


smooth curve. 


2.1.5 The (n,d) Cross Section 


The (n,d) cross section has been measured at 14 MeV by Randolph.’ The angular 
distribution of neutrons from the (d,n) reaction in N® has been measured by Weil 
and Jones" for several deuteron energies. We have analyzed and integrated these 
distributions, and, from the resulting cross sections for the inverse reaction, 


cross sections for the direct reaction have been calculated. 


2.1.6 The (n,p) Cross Section 


The data of DeJuren, Stooksberry, and Wallis were used. #4 


2.1.7 The Absorption Cross Section 


The absorption cross section is equal too, , 
? 


Fig. 5. 
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2.1.8 The Inelastic-Scattering Cross Section 


For energies below about 10 MeV we have still used the data for excitation of in- 
dividual levels measured by the Rice group and quoted in BNL-325,'? but other- 


1,18-18 At higher energies the only meas- 


wise unpublished except in compilations. 
urement found in the literature is the cloud chamber work of J. P. Conner” in 


1953. Consequently we have taken 
Onn’ = OnX — Cn a - In,p - In,d 


to describe the inelastic-scattering cross section for neutron energies above 


10 MeV (see Table 5 and Fig. 6). 


2.2 ANGULAR DISTRIBUTION OF ELASTICALLY SCATTERED NEUTRONS 


Detailed measurements of the angular distribution of neutrons elastically scatter- 
ed from oxygen have recently been made by Lane’® in the energy range below 
about 1.7 MeV and by Sayres*® between about 3 and 4.75 MeV. Otherwise one can- 
not say that the situation is much better than it was two years ago. The old gaps 
and conflicting experimental results still exist. Above 5 MeV the only new meas- 


urement is that of Bauer® at 14 MeV. 


The work of Fowler and Cohn” confirms Lane’s data, and that of Phillips”! and of 
Johnson and Fowler” confirms Sayres’ data. We have generally ignored the data 
of Hunzinger and Huber” since their data conflict with those of other workers 
perhaps because of their lack of measurements at small scattering angles. In the 
range just below 3 MeV we have been guided by the calculated Legendre coeffi- 
cients of Lustig, !® since his work predicted the main features of Lane’s experi- 


mental results. 


We have analyzed angular distributions from many sources, plotted the resulting 
Legendre coefficients, and drawn curves through the data. Where there are seri- 


ous gaps or conflicts in the data it is obvious that more than one curve will be 
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possible. In such cases, the judgments cannot alu _2 rational; a species of 
aesthetics is also necessary. Point values are then read from the curves at the 
energies used in the tables. Where the values change rapidly with energy, aver- 
age values are prepared corresponding to these tabular energies. These point 
values are then used to resynthesize angular distributions to make sure that no 


negative cross sections are being generated. 


It is also necessary to examine the forward peak of the resynthesized angular dis- 
tribution at each energy. G. C. Wick®4 has shown that the differential cross sec- 


tion at 0° (cos @ = 1.0) is limited by 
5, {kopT(E) \ ? 


where k = 1/2, the reciprocal of the reduced neutron wavelength. It is patently 
impossible to make measurements at zero deflection in the undeflected neutron 
beam, as that experimental verification of the Wick limit is not available; further, 
the measurements at other angles (e.g., cos 6 = 0.7 to 0.95) may be such that a 
least-squares routine, like our LEGEND code, will predict On n(E,0) values below 
the Wick limit. In such cases, the Wick limit may be entered as a data point at 

6 = 0, or the normalization may be raised by increasing Onn relative to 0,7, or 
the limit may be lowered by decreasing 0,7. One must be careful, however, since 
these measures to insure strict observance of the Wick limit generate some dis- 
tortion of either the angular distribution or the cross sections themselves. The 


Legendre coefficients are listed in Table 6. 


2.3 ENERGY DISTRIBUTION OF INELASTICALLY SCATTERED NEUTRONS 


As shown in the Nuclear Data Sheets, the first excited level in oxygen at 
6.06 MeV has the same spin and parity as the ground state, and pair emission is 


given as the probable mode of decay. Lustig, Goldstein, and Kalos’® cite 
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T. W. Bonner as having concluded, after a search for these pairs, that excitation 
of this level by inelastic scattering is rare compared with that of other levels. We 
have followed their example and ignored the contribution of the 6.06-MeV level to 


inelastic scattering. 


Because of the relatively large gap (1.76 MeV) between the fourth and fifth levels, 
we have decided to treat the fifth and higher levels as forming a continuum and to 


treat the lower levels as individually excited. 


At 18 MeV it seems most likely that the spectrum of secondary neutrons will be 
given adequately by statistical theory since the influence of the very large number 
of high energy levels will probably overwhelm that of the lowest levels. We have 
used French curves to bridge the gap between 10 and 18 MeV, bringing the level 


excitation curves to zero at 18 MeV. 


The discrete part of the neutron spectrum is given in Table 7. The continuous 


part has been calculated using the parameters: 


a, = 18 Mev"! 
Eo = 17 MeV 
Ei =9 MeV. 


2.4 ENERGY DISTRIBUTION OF GAMMA RAYS FOLLOWING NONELASTIC RE- 
ACTIONS 


2.4.1 Gamma Rays Following Absorption 


We have taken the radiative-capture cross section to be zero. The only source of 
absorption y-rays which we take into account is that due from the reaction 


0'8(n, a) Ci*, The data given in Table 8 are based on the work of Davis et al.’ 
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2.4.2 Gamma Rays Following Inelastic Scattering 


The spectrum of gamma rays following inelastic neutron scattering, shown in 
Table 9, was calculated from the excitation curves for the three discrete levels 
along with the continuum theory parameters. The level density was assumed to 


be 4 per MeV up to 17 MeV. 
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3. ALUMINUM 


3.1 NEUTRON CROSS SECTIONS 


3.1.1 The Total Cross Section 


For incident neutron energies above 2.4 MeV we have used the composite curve 
from the second supplement to BNL-325! to represent the total cross section, 

and from 0.4 to 2.4 MeV the composite curve from the second edition of BNL-325.” 
From about 5.5 to 400 keV we have used the results of Garg, Rainwater, and 
Havens’ as reported in the BNL-325 Supplement.! Since the Columbia results® 
tend to indicate distinctly lower values of. the total cross section at low energies, 
and since they reported no measurements below 4 keV, we have used the results 
of Hibdon‘ below the 5.9-keV resonance which lead into the composite curve in 

the second edition of BNL-325.” We used this curve, which rises very slowly 


with decreasing energy, for all energies below 4 keV (see Table 10 and Fig. 7). 
3.1.4 The Elastic-Scattering Cross Section 
Over the entire energy range we took the elastic-scattering cross section to be 


the difference between the total and nonelastic cross sections. 


3.1.3 The Radiative Capture Cross Section 
From about 20 keV to 5 MeV we used the results of many experimentalists®"!4 


quoted in the BINL-325 supplement. The most detailed and extensive measure- 
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ments were those of Henkel and Barschall,® Henkel, ® and of Calvi et al.’ Where 
a choice between two measurements was necessary we used the more recent 
measurement. In ranges where measured points were sparse (from about 45 to 
120 keV and from about 20 to about 30 keV) we used the ‘‘eye guide’’ curve from 
the BNL-325 supplement. The lower portion of this eye guide curve was brought 
smoothly into the 1/v Jine drawn through the BNL-325 ‘‘recommended’’ value of 
0.235 barn at 0.0253 eV. The 5.9-keV resonance was assumed to make no ap- 
preciable contribution to the (n,y) cross section. It is, after all, a p-wave res- 
onance and consequently very narrow. Above 5 MeV the (n,y) cross-section curve 
was brought upward through the 14-MevV data points of Csikai!? and Perkin.'® 

We attribute the rather sharp rise in the cross section to the onset of a direct 


interaction type of capture reaction. 


3.1.4 The (n,@) Cross Section 


For the (n,@) cross section we have used the measurements of Butler and Santry'4 
and Ferguson.'® The measurements of Ferguson cover only the range from about 
12.7 to about 14.3 MeV and are given in ‘‘arbitrary units.’’ We normalized them 


to the data of Butler and Santry. 


3.1.5 The (n,p) Cross Section 


The BNL-325 Supplement! shows composite curves of the (n,p) cross section cov- 
ering the energy ranges from about 12 to about 21 MeV and from 2.7 to 5.1 MeV. 
The contributors in the upper energy range were Gabbard and Kern,'® Mani, 
McCallum, and Ferguson,!’ and Hudson and Morgan.’® For the lower range, the 
measurements of Calvi et al.’ were normalized to those of Henkel.!® BNL-325" 
gives a curve running from about 2.6 tu about 8 MeV attributed to ‘‘Los Alamos, 
unpublished;’’ presumably these are the work of Henkel.'® We have followed the 
composite curve of the BNL-325 supplement up to 5.1 MeV, the curve from 


BNL-325 from 5.1 to 8 MeV, and the BNL-325 supplement’s composite from 
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12 to 18 MeV. We bridged the gap from 8 to 12 MeV with a smooth curve rising 
to a peak at about 10 MeV and then descending. 


3.1.6 The Absorption Cross Section 


We have taken the absorption cross section as equal to On y+ Cn,a + Pn, pr A 
curve is given in Fig. 8. The Q-values given by Ashby and Catron’® show three 
additional neutron-absorbing reactions to be energetically possible. These are 
the (n,t), (n,He®), and (n,d) reactions. The values shown for the (n,t) and. (n,He’) 
cross sections in the BNL-325 Supplement! for 14 to 15-MeV neutrons are upper 
bounds only, and, even so, are very small compared with the (n,p) and (n,q@) cross 


sections. We have ignored them. 


Several measurements are quoted in the BNL-325 Supplement! for the (n,np) re- 
action at incident neutron energies between 14 and 15 MeV. Since the (n,np) re- 
action comes about because of the break-up of the deuteron from the (n,d) reac- 
tion, and since the (n,np) reaction produces a secondary neutron, we have taken 

the (n,d) cross section to be negligible and counted the (n,np) reaction as part of 


the (n,n’) reaction. 


3.1.7 The (n,2n) Cross Section 


Mani et al.!” have measured the cross section for the (n,2n) reaction leading to 
the 229-keV isomeric state, 6.5 sec Al?®™, There are no other measurements of 
this reaction save those of Csikai et al.,'* which are an upper bound. We have 
assumed that half of the (n,2n) events will lead to the ground state of Al?® and 
have drawn one curve through a set of points resulting from doubling Mani’s 


measured values. 


3.1.8 The Nonelastic Cross Section 


The BNL-325 Supplement! shows a curve of the nonelastic cross section for neu- 


tron energies from somewhat below 2 to well over 100 MeV. The lower energy 
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portion of this curve was drawn through the data points of Beyster, Walt, and 
Salmi.2! We have drawn a Similarly shaped smooth curve through the inelastic 
scattering cross-section measurements of Towle and Gilboy” at 2, 3, and 4 MeV. 
Our curve lies somewhat higher than the BNL-325 eye-guide, although it is within 
the experimental error of the Beyster measurements at 2.5, 3.25, and 4 MeV. 
Cross sections derived from the inelastic gamma-ray measurements of Kiehn 
and Goodman” fall about a factor of two above our curves. In the energy range 
from 1 to 4 MeV, the cross sections for the (n,y), (n,p), and (n,@) reactions are 
entirely negligible, and the nonelastic cross section can be regarded as the in- 


elastic-scattering cross section. 


Above 4 MeV we drew our curve smoothly through the usual cluster of points at 
14 MeV! and between the two points of Degtyarev and Nadtochii™ at about 16 MeV. 
Our curve crosses the BNL-325 eye-guide between 9 and 10 MeV where it passes 


through one of the data points of Ball, MacGregor, and Booth”® at 9.5 MeV. 


3.1.9 The Inelastic-Scattering Cross Section 


We have calculated the inelastic-scattering cross section from the formula 


n,n! = OnX = on, = °n,p = on, a = On,2n 


At 7 MeV our calculated value is within the experimental error of a measure- 
ment of this cross section by Thomson.”® Values of On,n/ are given in Table 10 


and Fig. 9. 


3.2 ANGULAR DISTRIBUTION OF ELASTICALLY SCATTERED NEUTRONS 


Aluminum is no exception to the rule which has held for most elements for which 
we have compiled angular distribution data. In some energy ranges there are 
detailed measurements: those of Langsdorf, Lane, and Monahan?’ and of Ji-Peng 


Chien”® below 1.5 MeV as well as isolated measurements by Lovchikova?? and 


Bostrom and Morgan.*” At one energy, 14 MeV, there is a superabundance of 
data.*!-83 There is a range in which conflicting measurements abound: between 

2 and 5 MeV there are 18 different measurements by eight different work 
ers.”1,22,8-89 Finally, there is a large range in which there are no measure- 
ments at all. In this case it runs from 7 to 14 MeV. There are rarely any trust- 
worthy measurements above 14 MeV, and for aluminum there are none. We are 
fortunate in having a set of optical model calculations, by Buhler and Emendorfer*® 
which span the unmeasured energies and agree well with experiments at both 


ends. 


In preparing our Legendre coefficients we have analyzed the 14-MeV data®!~88 

as a composite angular distribution with 45 points. For each of the 14 coefficients 
we drew our curve midway between the point resulting from the analysis of the 
14-MeV composite and the point given by Buhler and Emendérfer’s calculations*® 
at that energy. Between 6 and 12 MeV we used the Buhler and Emendorfer re- 
sults. Between 1.55 and 5 MeV we were guided by the trend of the data, although 
our curve did not often pass through points resulting from analysis of the meas- 
ured distributions. From 0.3 to 1.5 MeV we used Chien’s data,”® and below 

0.3 MeV we used Langsdorf’s data2" For the extrapolation to 18 MeV we followed 
the trend of the data below 14 MeV consistent with the necessity of avoiding 

Wick limit violations on the one hand and avoiding generation of negative cross 
sections on the other. The Legendre coefficients for aluminum are shown in 


Table 11. 


3.3 ENERGY DISTRIBUTION OF INELASTICALLY SCATTERED NEUTRONS 


For incident neutron energies below 4.02 MeV we have assumed the excitation 

of five discrete levels (0.842, 1.013, 2.206, 2.73, and 2.977 MeV). The level at 
2.206 MeV is that given in the Landolt-Boérnstein tables*! with the excitation en- 
ergy of 2.21 MeV lowered slightly to bring it below the lowest of our mesh points 


for which there will be a cross section for excitation of this level. Similarly, 


our 2.977-MeV level is a combination of those given in the Landolt-Bornstein 
tables at 2.98 and 3.0 MeV with excitation energy slightly lowered as for the 
2.21-MeV level (see Table 12). 


For energies above 4.02 MeV we have calculated the distribution of scattered 


neutrons according to statistical theory using the following parameters: 


E,=14. Mev — at) = a(?) = 3, Mev! E(!) = 0.842 MeV 
E(‘)= Bf?) = 6.5 Mev E(?) = 0.01 MeV 


3.4 ENERGY DISTRIBUTION OF GAMMA RAYS FOLLOWING 
NONELASTIC REACTIONS 


3.4.1 Gamma Rays Following Neutron Capture 


Troubetzkoy and Goldstein* and Draper and Bostrom* have given the spectrum 
of gamma rays following thermal neutron capture. We have assumed that the 


spectrum is the same for all neutron energies of interest (see Table 13). 


3.4.2 Gamma Rays Following Inelastic Scattering 


For neutron energies below 4.02 MeV the spectrum of gamma rays emitted in 
inelastic neutron scattering was derived from the level excitation information 
described above. Between 4.02 and 8. MeV there are the experimental data of 
Perkin,“ and at 14 MeV those of several experimenters.“"“° Statistical model 
calculations, as given by Troubetzkoy,*® were performed to interpolate between 


the two sets of data (see Table 14). 
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TABLE 13 — Al — NUMBER OF y-RAYS 
EMITTED PER ABSORPTION 


Ey, MeV 
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Fig. 9 — Al — Inelastic-Scattering plus 


a 
he 


Fa eet tiated 


aan a ac Sm MR Pa ASRAL ABEL HELL: iit Ea PES EN i 
heal Bag 35251 EEL FB LL 1 BH i 


mui carme (ote UF 
— Ebadi | | Bee 
Ble eas EEL fl dct ta ° 
cain ew Tw gee Lo A ie Be 
TSE i Raf fae oop 
Et ices a egee 7 : 
fe ee | 


See 
- ere ft 
gE ene ede 
Ps + ahs 
doth ae TH a : f=} 

a] Soot iat ce Ht} Te Uibddsl ath 
eenet at Hee Ht FH 


aa 
++4epel be — beoblees seeef emp pe ds aes Wan bewes eweed reir i 
an ith isc aig ase) i a aR Hs Wg BRE DRE 181) 
it qt ni ae! Se Hy 4 BRS BaP H ani Hs 
Pte Hf ae ee teed ; 
Be igMee: e Saeaiip a eeree 3 me 
; 
: Pl paaeeen ses 


# co eee 
: SHE ee SOLAS 
sais ee BGG cin ccae EGER eee 
Ht Hi + ; 
ea uai: feet: 
abOEE rei Ma 

BE BROT) UPON att 


BEE SESE! ELLE LETT HH WE 1S EE SEED SER 8SE0) Fee ie 


anit ee eS LEH Wel 
et sunggs : Sa EF 
To ee SRR ES 8 TE ie 
SE Ae aa Kn URBERN BEE FEE F141 080 1 EB 
i HEE) FB Bis is + ; Hanuma GEEL EPH] REE FYE CA EP HB 


AE ye 2 BE SORT ECL : 
Hmgentennanmaert cue 


ce eee 
TY ‘ . 4 it 
! abst teen =i oh z 
iit! had) vette tit! tt a 
+e > | ote 
tiet nee Pe tes Pe eey Fran ods ttt ith 
oie depeblicd all to Po aRa Oe bee ibed ant 
bat 4 + ' +e4 4 ih i 
tela ls ‘ ’ : ‘ ‘ ‘ ‘ the ‘ bere taka eu res 


ee 
“h dil 10-3 


Energy, Mev 


stic-Scattering plus (n,2n) Cross Section 


Cross Section, barn 


4 6 8 10° 


aero ay < ~ 


4. SILICON 


4.1 NEUTRON CROSS SECTIONS 


4.1.1 The Total Cross Section 


For neutron energies above 0.5 MeV the data presented in the latest s:pplement 
of BNL-325! have been used. Between 2.6 MeV and 5.4 MeV the data of Calvi 
et al.2 have been used exclusively since it is the most recent and complete set of 
measurements in this energy interval. Below 0.5 MeV the data were obtained 
from BNL-325, 2nd Ed. Measurements performed since then, such as Rayburn 
and Wollan‘ and the earlier tabulation of Howerton,5 are consistent with these 


data (see Table 15 and Fig. 10). 


4.1.2 The Elastic-Scattering Cross Section 


For the entire energy range of interest the elastic-scattering cross section was 


calculated by 
On = nT ~ Nx 


4.1.3 The Nonelastic Cross Section 


In the energy range below 4.5 MeV the cross section for nonelastic reaction. 


given by 
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tout 


Above 4.5 MeV, the only measurement available is at 14.0 MeV, BNL-325.! This 
point was used along with the data presented for aluminum to give a reasonable 


representation of the cross section above 4.5 MeV. 


4.1.4 The (n,@) Cross Section 


Below 8.5 MeV the cross sections for the (n,@) reaction were taken from measure- 
ments of Mainsbridge et al.¢ These data are also shown in BNL-325.! Above 


8.5 MeV the data reported by Colli et al.’ have been used. 


4.1.5 The (n,p) Cross Section 


The cross sections for the (n,p) reactions have been obtained from measurements 
reported in the latest supplement of BNL-325. As for the (n,@) compilation, the 
data below 8.5 MeV were obtained from Mainsbridge et al. Above 8.5 MeV a 
smooth curve similar to the one shown in BNL-325 has been used to represent 


the abundant data available. 


4.1.6 The (n,y) Cross Section 


Since the last revision of silicon cross sections reported in UNC-5002,° some ad- 
ditional data of Macklin et al.,® at 65 keV, have become available. These are con- 
sistent with the last compilation which also makes use of some of Macklin’s ear- 


lier work. 


4.1.7 The Absorption Cross Section 


The absorption cross section is here taken to be 
o 


rer J 
ny + na * n,p 


A curve is given in Fig. 11. 


83 


ate c = 


4.1.8 The Inelastic-Scattering Cross Section 


Below 4.5 MeV the cross section for the inelastic-scattering reaction has been ob- 
tained from the discrete level excitation data of Lind and Day,’ and the Rice 
group.!! There were also data available from Engesser et al.!? at 14 MeV. At 
other energies the data obtained for aluminum were used as guides to draw a rea- 


sonable curve for silicon (see Fig. 12). 


4.2 ANGULAR DISTRIBUTION OF ELASTICALLY SCATTERED NEUTRONS 


Between 0.9 and 4.8 MeV, the data for angular distribution were obtained from 
BNL-400.'8 Below 0.9 MeV, the data of Lane et al.!4 were used. There was also 
the work of Martin et al.!5 at 14 MeV. These data compared well with the angular 
distribution of 14-MeV neutrons from aluminum shown in BNL-400. On this basis 
the Legendre polynomials calculated for aluminum were also used for silicon 


above 4.8 MeV. The Legendre coefficients are shown in Table 16. 


4.3 SPECTRUM OF INELASTICALLY SCATTERED NEUTRONS 


The neutron distribution of inelastically scattered neutrons with incident energies 
less than 4.5 MeV was governed by the excitation of five levels (1.28, 1.78, 2.02, 

2.20, and 2.41 MeV). Cross-section data for these levels were obtained from the 
work of Lind and Day?® and the Rice group!! (see Table 17). For energies greater 


than 4.5 MeV a continuum of levels was assumed, with parameters: 


a = 2.8 Mev"! 
Ey = 2 Mev 
Eo = 10 MeV. 


4.4 ENERGY DISTRIBUTION OF GAMMA RAYS FOLLOWING NONELASTIC 
REACTIONS 


4.4.1 Gamma Rays Following Neutron Capture 


The spectrum of gamma rays following thermal neutron capture was obtained 
from a compilation by Troubetzkoy and Goldstein.!® We assume the same spec- 


trum holds for all incident neutron energies (see Table 18). 


4.4.2 Gamma Rays Following Inelastic Scattering 


The data for the spectrum of gamma rays following inelastic scattering were ob- 
tained from Perkin" at energies from 3.5 to 8.5 MeV. Below 3.5 MeV it was cal- 
culated from data on discrete levels.'!! Above 8.5 MeV the data of Engesser 

et al. at 14 MeV were used and enabled an extrapolation of the data at lower ener- 


gies to be made (see Table 19). 
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TABLE 18 — Si - NUMBER OF y-RAYS 
EMITTED PER ABSORPTION 


Ey, MeV 


1,28 
2.10 
2.65 
3.54 
4,2 
4,93 
5.11 
6.11 
6.40 
7.18 
8.47 
10.60 


100 


E, MeV 
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1,40000¢ 
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TABLE 19 — Si - NUMBER OF y-RAYS EMITTED PER NEUTR 


E,, Mev 
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Fig. 10(a) — Si — Total Cross Sectior 
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Fig. 10(b) — Si — Total Cross Sec 
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5. IRON 


5.1 NEUTRON CROSS SECTIONS 


5.1.1 The Total Cross Section 


For incident neutron energies above about 0.23 MeV we have used the supplement 
to the second edition of BNL-325.! The measurements of Nereson and Darden,’ 

and those of Mazari and Alba’ which lie below the ‘‘eye-guide’’ curve in the range 
from about 4 to about 15 MeV are balanced by those of Weil and Jones,‘ which lie 
above it from 4 to 8 MeV, and those of Bratenahl, Peterson, and Stoering,® and of 


Armitage et al.® which lie above the “‘eye-guide’’ from 9 to 14 MeV. 


From 4 keV to 0.23 MeV we used the data of Garg, Rainwater, and Havens! and 
followed the curve of the second edition of BNL-325° for lower energies. An ex- 
ception to this was the range from 1.1 to 1.2 keV where we summed the BNL-325 
values and the capture cross-section measurements from Harwell’ to delineate 


the 1150 eV resonance (see Table 20 and Fig. 13). 


5.1.2 The Elastic-Scattering Cross Section 


Over the whole energy range we calculated the elastic-scattering cross section as 


the difference between the total and nonelastic cross sections. That is: 


°,n ~ nT ~ Nx 
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5.1.3 The Radiative-Capture Cross Section 


In the low energy part of the resonance region, from 1 to about 30 keV, we are for- 
tunate in having the detailed measurements made by Moxon at Harwell and report- 


® The measurements of Mitzel and Plend)"® in this 


ed by Rae et al. at Geneva. 
range were not used since they show the 1150 keV resonance as much lower and 
broader then do those of Moxon. Those of Macklin et al.!! were not used since, 

in the range around 20 keV, they show resonance peaks as lower and broader than 
Moxon’s work. Frora about 35 keV to about 2 MeV we have drawn a composite 
curve through the measurements of many workers,!2"!5 and have continued the 
curve to 18 MeV mitigating the steep descent slightly at the higher energies. Be- 
low the Harwell data, from 10 to 1000 eV, we have taken the data of Isakov!® and 


joined a 1/v curve which passes through the value measured by Isakov"™ 


(2.57 barns at 0.0253 eV). 


5.1.4 The (n,p) Cross Section 


The cross section for the (n,p) reaction in Fe®® has been measured in great detail 
by Santry and Butler,'® and their results agree well with those of Bormann et al." 
and of Terrell and Holm.”” Since Fe®® accounts for about 92% of the naturally oc- 
curring isotopic mixture, we have taken this cross section to represent that of the 


natural element. 


5.1.5 The (n,a@) Cross Section 


No measurements of the cross section for the (n,@) reaction in either natural iron 
or Fe®® are available. The calculations of Bullock and Moore,”! however, indicate 
that the (n,@) cross section should be roughly the same size as the (n,p) cross 
section but should reach its peak at about 16 MeV instead of between 13 and 


22-24 )ead one to 


14 MeV. Calculations and measurements in other iron isotopes 
expect the (n,@) cross section to be somewhat smaller than the (n,p) cross sec- 


tion. Accordingly, we have used our (n,p) curve for the (n,@) cross section, dis- 
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placing it so that the peak value is about 10% higher in energy and about 10% lower 


in magnitude. 


5.1.6 The Absorption Cross Section 


The work of Heinrich and Tanner” gives the (n,t) cross section in iron as very 
small and with a threshold above 15 MeV. We have therefore ignored this reaction 


and counted the absorption cross section as ny + n,p + Sn a (see Fig. 14). 


5.1.7 The Nonelastic Cross Section 


Data on the nonelastic cross section from seven workers are given in the supple- 
ment to BNL-325.! We have used these along with several more recent measure- 
ments*~29 to draw a composite curve of ¢,x above about 3.5 MeV. For lower en- 
ergies the inelastic-scattering cross section and the radiative-capture cross sec- 
tion are the only contributors to 0,,y, and the values of the inelastic-scattering 
cross section are in good agreement with the nonelastic cross section between 
about 0.85 to 3.5 MeV. For most of this range the capture cross section is, of 


course, negiigible compared with the other cross sections. 


5.1.8 The Inelastic-Scattering Cross Section 


Measurements of the inelastic-scattering cross section are available from Gilboy 
and Towle,”? Sukhanov and Rukavishnikov,*° and Thomson.*! We have derived the 
lower energy portion of this cross section, below about 3.5 MeV, from the inelas- 
tic gamma-ray production cross-section measurements of Montague and Paul. *? 
At higher energies we have taken the inelastic-scattering cross section (including 
on, on) as the difference between the nonelastic and the absorption cross sections, 


1.e:, 
Sn,n’ + On,an = OnX — Sn,p — On,a — Fn,y 


Our calculated values agree well with the measured values (see Fig. 15). 


5.1.9 The (n,2n) Cross Section 


Ashby and Catron*® give -11.2 MeV as the Q value for the (n,2n) reaction in Fe®®, 
-13.3 MeV in Fe4, -7.63 MeV in Fe™, and -10.0 MeV in Fe®, We have taken the 
threshold to be 10.9 MeV and drawn our curve rising from there and passing 
through the 14-MeV measurement of Ashby et al.°4 Lebedev et al.*® state that the 
difference between the (n,2n) and capture cross sections is 0.26 + 0.1 barn at 

14 Mev. A value of the (n,2n) cross section derived from our values of On,p and 
ona with this formula is in good agreement with Ashby’s measurement. This 


agreement may also be taken as confirmation of our choice of 0, g. 
9 


5.2 ANGULAR DISTRIBUTION OF ELASTICALLY SCATTERED NEUTRONS 


At 14 MeV we analyzed the composite distribution, given in the second edition of 
BNL-400,** which is made up from the work of Elliot,*” Yuasa,*® Coon et al.," and 
Anderson et al.°® We did not, however, use the work of Khaletskii‘® since his 
values do not agree well with those of the other workers. Between 14 and 7 MeV 
no angular distribution measurements were found. Between about 1.5 and 7 MeV 
there are 20 measurements by 15 groups of workers.?%4!- The calculated coef- 
ficients of Bihler and Emendorfer,® which were so helpful in bridging the 7- to 
14-MeV gap in the aluminum angular distributions, were not used. The authors 
mentioned that their results could be compared with experiments at 7 and 14 MeV 
but make no statement about how good the agreement is. They do say that their 
curves agree “‘essentially’’ with the calculated results of Bjorklund and Fern- 


bach. 5° 


Below 1.5 MeV we have used the recent measurements of Smith®’ which supersede 
the earlier detailed work of Langsdorf, Lane, and Monahan. Isolated measure- 


ments by several workers®*59-® are in good agreement with Smith’s data. 


The Legendre coefficients are given in Table 21. 
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5.38 ENERGY DISTRIBUTION OF INELASTICALLY SCATTERED NEUTRONS 


For incident neutron energies we have taken the energy distribution of inelastical- 
ly scattered neutrons to be governed by the excitation of six levels with energies 
of 0.845, 1.41, 2.1, 2.658, 3.0, and 3.4 MeV (see Table 22). The level excitation 
cross sections were derived from the work of Montague and Paul.®? For higher 
energies we have assumed a continuum of levels with secondary neutron distribu- 


tion parameters: 


E, = 11.0 Mev 
a) - 5.7 Mev7! 
a) = 5.7 Mev! 
E\!) - 3.73 Mev 
E(?) = 3.73 Mev 
gE!) - 0.845 Mev 
E(?’ = 0.01 Mev. 


9.4 ENERGY DISTRIBUTION OF GAMMA RAYS FOLLOWING NONELASTIC RE- 
ACTIONS 


5...1 Gamma Rays Following Neutron Capture 


We have assumed that the spectrum of gamma rays given by Troubetzkoy and 

Goldstein® is valid for incident neutron energies below about 4.5 MeV. Above 
this energy the radiative capture cross section is negligible compared with the 
(n,p) and (n,@) cross sections. The charged particle reactions are assumed to 


produce no gamma rays (see Table 23). 


5.4.2 Gamma Rays Following Inelastic Scattering 


For neutron energies below about 3.5 MeV we have used the gamma-ray produc- 
tion cross sections of Montague and Paul,*? from 3.5 to 8.5 MeV we have used the 
data of Perkin,®® and at 14 MeV we have used the data of Caldwell et al.*7 We have 
used graphical methods to bridge the gap between 8.5 and 14 MeV and extrapolate 
the data to 18 MeV (see Table 24). 
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Fig. 13(a) 
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Fig. 14(b) — Fe — Absorption Cross Section — 
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:-Scattering plus (n,2n) Cross Section 


6. DEUTERIUM AND BERYLLIUM 


The cross sections of deuterium were taken from the report UNC-5038,! those of 
beryllium, from UNC-5014, Vol. B.? They are listed in Tables 25 through 30 with 


out any essential modifications. 
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TABLE 29 — Be —- NUMBER OF y-RAYS 
EMITTED PER RADIATIVE CAPTURE 


, MeV 
3.41 .5000 
6.797 .7500 
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‘ TABLE 30 — Be - NUMBER OF 7-RAYS EMITTED 
PER NEUTRON-PRODUCING REACTION 


» Mev 
E, Mev 2.43 
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